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ABSTRACT
We utilise the DEIMOS instrument on the Keck telescope to measure the wide-
field stellar kinematics of early-type galaxies as part of the SAGES Legacy Unifying
Globulars and GalaxieS (SLUGGS) survey. In this paper, we focus on some of the
lowest stellar mass lenticular galaxies within this survey, namely NGC 2549, NGC
4474, NGC 4459 and NGC 7457, performing detailed kinematic analyses out to large
radial distances of ∼ 2−3 effective radii. For NGC 2549, we present the first analysis of
data taken with the SuperSKiMS (Stellar Kinematics from Multiple Slits) technique.
To better probe kinematic variations in the outskirts of the SLUGGS galaxies,
we have defined a local measure of stellar spin. We use this parameter and identify a
clear separation in the radial behaviour of stellar spin between lenticular and elliptical
galaxies, thereby reinforcing the physically meaningful nature of their morphological
classifications.
We compare the kinematic properties of our galaxies with those from various sim-
ulated galaxies to extract plausible formation scenarios. By doing this for multiple
simulations, we assess the consistency of the theoretical results. Comparisons to bi-
nary merger simulations show that low-mass lenticular galaxies generally resemble the
spiral progenitors more than the merger remnants themselves, an indication that these
galaxies are not formed through merger events. We find, however, that recent mergers
cannot be ruled out for some lenticular galaxies.
Key words: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies:
kinematics and dynamics — galaxies: individual: NGC 2549 — galaxies: individual:
NGC 4459 — galaxies: individual: NGC 4474 — galaxies: individual: NGC 7457
1 INTRODUCTION
Early-type galaxies (ETGs, with either elliptical or lenticu-
lar morphologies) have been the subject of many studies in
recent decades. Far from the simple objects that they were
once perceived to be, ETGs are now known to host a wide
range of kinematic and dynamical features, believed to be
the result of varying assembly histories.
Within the broad context of hierarchical structure for-
mation, one of the most popular theories describing the his-
tory of ETGs (particularly those of massive ellipticals) is
that of two-phase evolution (Oser et al. 2010; Johansson,
? Email: sbellstedt@swin.edu.au
Naab & Ostriker 2012). An initial phase of galaxy formation
occurs at high redshift involving gas collapse with strong ra-
dial inflows, and the primary mechanism for stellar growth
is the in-situ formation of stars. The second phase of for-
mation then begins at redshift ∼ 2− 3, where mass growth
occurs through the accretion of satellite systems. This sce-
nario has shown success in explaining the size growth of
galaxies, without overpredicting the mass growth. Similarly,
it explains the round shapes and older stellar populations
present in many elliptical galaxies (e.g. Lackner et al. 2012,
Moody et al. 2014). The mechanisms leading to the for-
mation of lenticular (S0) galaxies are less well understood
than those contributing to the formation of elliptical (E)
galaxies. Studies, such as that by D’Onofrio, Marziani &
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Buson (2015), indicate that spiral (Sp) galaxies are being
transformed into both E and S0 galaxies over time. When
measuring the fraction of spiral galaxies in galaxy clusters
throughout time, the fraction of both S0/Sp and E/Sp can
be seen to be increasing towards lower redshifts.
Two of the main processes which are advocated for pro-
ducing lenticulars are mergers/accretion, and the removal
of gas from a spiral galaxy through either secular or envi-
ronmental mechanisms. Numerical simulations have shown
success in producing S0-like galaxies by merger mechanisms
(e.g. Bekki 1998; Bois et al. 2011; Tapia et al. 2014; Quere-
jeta et al. 2015a), suggesting that S0 galaxies can be formed
from both major and minor mergers. In contrast, S0 galaxies
have been found observationally with kinematics similar to
those of spiral galaxies (as shown for S0 galaxy NGC 1023 by
Cortesi et al. 2011). This is an indicator that these galax-
ies are likely ‘faded’ spirals, rather than the remnants of
galaxy mergers, in which the progenitor kinematics would
have been disrupted. Fading of spiral galaxies to produce
S0s has also been supported by studies of globular clusters
(Arago´n-Salamanca, Bedregal & Merrifield 2006). Moreover,
the presence of ‘pseudobulges’ in many S0s in low-density
environments is a strong argument in favour of secular evo-
lution (e.g. Kormendy & Kennicutt 2004; Laurikainen et al.
2006) that transfers gas from the disc to the bulge.
Which of these processes dominates in the formation
of individual S0 galaxies is likely highly dependent on their
mass, and the environment in which they are found. The
process within clusters attributed to the largest amount of
galaxy transformation is ram pressure stripping (Gunn &
Gott 1972), in which the intracluster medium (ICM) strips
gas away from galaxies as they fall into the cluster. Numer-
ous studies have observed ram pressure stripping acting on
individual galaxies (e.g. Vollmer et al. 2008, 2009; Abram-
son et al. 2011), and the prevalence of this process has been
highlighted by Poggianti et al. (2016), who identified 344
galaxies within 71 galaxy clusters that are experiencing ram
pressure stripping. Other processes which shape galaxies in
clusters include: galaxy harrassment (e.g. Moore et al. 1996,
1999), in which the gravitational influence of fast galaxy
encounters modifies the galaxy; strangulation (e.g. Larson,
Tinsley & Caldwell 1980), a secondary effect to ram pres-
sure stripping and tidal stripping, where the hot gas halo
surrounding the galaxy is removed, thereby cutting off the
gas supply; gas loss due to galactic winds caused by stellar or
AGN feedback (e.g. Faber & Gallagher 1976; Veilleux, Ce-
cil & Bland-Hawthorn 2005); and thermal evaporation, in
which the hot intergalactic medium (IGM) evaporates gas
within galaxies (Cowie & Songaila 1977). Furthermore, in
galaxy groups and cluster outskirts, where velocity disper-
sions are lower than in cluster centres, processes such as tidal
interactions can reshape spiral galaxies into S0s, as shown
through theoretical work by Bekki & Couch (2011).
S0 galaxies are also found in low-density field envi-
ronments, where the cluster processes described above are
ineffective. In these environments, the two dominant pro-
cesses are mergers/interactions (signatures of mergers were
observed in isolated S0s by Kuntschner et al. 2002), and sec-
ular processes such as gas loss through internal processes,
supported by observations suggesting that many field S0s
host pseudobulges, (e.g. Laurikainen et al. 2006).
An alternate pathway for S0 formation has been
suggested, in which these galaxies are initially compact
spheroidal objects at high redshift, whose discs built up over
time from cold gas accretion. This formation mechanism was
advocated by Graham, Dullo & Savorgnan (2015), in re-
sponse to indications that the prevalence of mergers (both
minor and major) is insufficient to produce the number of
S0 galaxies observed in the present universe.
There has been discussion in recent years as to whether
or not the classification of ETGs into ellipticals and lenticu-
lars is physically meaningful. SAURON1 (de Zeeuw et al.
2002) and ATLAS3D (Cappellari et al. 2011a) were pio-
neering spectral surveys that used integral field unit (IFU)
spectrographs to obtain central kinematic measurements of
a large sample of ETGs (∼ 30 and ∼ 260, respectively).
These surveys made the assertion that rather than classify-
ing ETGs according to visual morphology, they should be
divided into centrally fast and slow rotators (Emsellem et al.
2011). This separation did not simply follow that of S0 and
E galaxies, with ∼ 34 per cent of the E galaxies within the
ATLAS3D survey classified as slow rotators, while ∼ 93 per
cent of the S0 galaxies of the survey were classified as fast
rotators. Cappellari et al. (2011b) suggested that ∼ 66 per
cent of fast rotating E galaxies were actually disc/lenticular
galaxies for which the photomeric classification process pro-
duced incorrect conclusions.
The ATLAS3D fast/slow rotator classification is based
on the kinematics of the central regions of galaxies and, as
shown by Arnold et al. (2014) and Foster et al. (2016), the
rotational behaviour in the outskirts of galaxies can be very
different to that of their centres. As a result, the separation
of galaxies into centrally fast or slow rotators is not neces-
sarily able to provide complete insight into the formation of
these galaxies.
In order to fully understand how different formation
pathways have affected ETGs, in particular how their recent
histories affect their size, shape and kinematic structure, it
is necessary to understand the kinematics in the outer re-
gions of these galaxies, where dynamical times are long and
signatures are preserved. The SLUGGS survey2 (Brodie et
al. 2014) is a multi-year project utilising the Keck telescope
to collect spectral data of stellar and globular cluster light
from 25 ETGs, out to ∼ 3 − 10 effective radii (Re). This
large spatial coverage allows measurements of kinematics
and metallicities out to larger radii than previously existing
surveys, permitting a more detailed analysis of their poten-
tial formation pathways (Forbes et al. 2016). Additionally,
the σ resolution for the SLUGGS survey is 24 km s−1, a
significant improvement over other IFU surveys including
the ATLAS3D survey, which has a σ resolution of 90 km s−1
(Bacon et al. 2001). This enables accurate measurements
of kinematic properties of lower mass galaxies, which have
lower central velocity dispersions.
The four galaxies analysed here occupy the lower end
of the stellar mass range studied by the SLUGGS survey,
with a lower limit of M∗ ∼ 1010M. For galaxies within
this stellar mass range, the dominant formation process for
S0 galaxies is still unknown. Within this paper, we aim to
explore how the measured kinematics of observed low-mass
1 Spectroscopic Areal Unit for Research on Optical Nebulae
2 http://sluggs.swin.edu.au
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S0 galaxies compares to those of simulations, and whether
or not these galaxies display different kinematic behaviour
to E galaxies. We compare the kinematic properties of our
galaxies to results from binary merger simulations, and to
the assembly classes from cosmological simulations of two-
phase formation scenarios.
The structure of this paper is as follows: §2 describes
the data, including the observations and data reduction. §3
describes the kinematic results, including kinematic maps,
higher line-of-sight velocity distribution (LOSVD) moments
and stellar spin measurements and profiles. In this section,
we also explore the classification of lenticular vs. elliptical,
and identify a clear separation between these classes. Com-
parison of these results to those of simulations of galaxy
formation is provided in §4, and we discuss the results in §5.
We summarise and conclude in §6.
2 DATA
2.1 The Sample
The four galaxies studied within this paper are all low mass
S0 galaxies. NGC 4474 and NGC 7457 are the two lowest
stellar mass (M∗) galaxies within the SLUGGS survey, with
masses of log(M∗/M) = 10.23 and log(M∗/M) = 10.13
respectively. NGC 4459 falls in the mid-M∗ range, with a
stellar mass of log(M∗/M) = 10.98. We also include NGC
2549, which was not part of the original SLUGGS survey,
with a stellar mass of log(M∗/M) = 10.28.
Emsellem et al. (2011) determined that all four galax-
ies are centrally fast rotators using the ATLAS3D survey
(Cappellari et al. 2011a). NGC 4459 and NGC 4474 have
an angular separation of only 14.1′, and both reside within
the Virgo cluster. NGC 4459 and NGC 4474 are at distances
from the observer of 16.0 and 15.5 Mpc respectively (Brodie
et al. 2014). We note that these distances are based on
surface-brightness fluctutations measurements of Blakeslee
et al. (2009) and Tonry et al. (2001), and more details can
be found in Brodie et al. (2014).
NGC 4459 is a dusty galaxy, with a dust disc about 17′′
across, inclined at 45◦ to the line of sight (Ferrarese et al.
2006), and has a large bulge (i.e. one measurement of the
bulge-to-total ratio is 0.61, using spheroid and total magni-
tudes from Savorgnan & Graham 2016, however this value
varies depending on the type of decomposition applied). The
inferred inclination of this galaxy by Cappellari et al. (2013)
is 48◦. Blue clumps have been seen (Ferrarese et al. 2006),
which have been interpreted as signs of recent star forma-
tion. NGC 4474 has an elongated, edge-on stellar disc, and
contains a nuclear star cluster (Ferrarese et al. 2006), with
an inclination of 89◦ (Cappellari et al. 2013).
NGC 7457 is located in a field environment (Cappel-
lari et al. 2011b), is known to host a small bar (Michard &
Marchal 1994), has an estimated bulge-to-total ratio of 0.14
(Balcells, Graham & Peletier 2007), and is claimed to have
a pseudo-bulge (Pinkney et al. 2003). Existing analysis of
the SLUGGS kinematic data of this galaxy based on pre-
2015 data (Arnold et al. 2014) indicates that there is global
rotation present, in addition to anticorrelations of V/σ with
higher moments of the line of sight velocity dispersion (see
Section 3.2) - highlighting the presence of a kinematic disc.
Cappellari et al. (2013) infer a galaxy inclination of 74◦.
NGC 2549 is an edge-on (inclination of 89◦; Cappellari
et al. 2013) barred (Savorgnan & Graham 2016) S0 field
galaxy with a central disc, it’s bulge-to-total ratio 0.29 (Sa-
vorgnan & Graham 2016). The central part of the bulge has
been noted to be x-shaped, with a major axis radius of 4.9′′
(Laurikainen & Salo 2016). It was observed as part of the
SAURON survey, where it was noted that there is strong,
misaligned [OIII] and Hβ emission in the outer regions of the
galaxy (Sarzi et al. 2006), and the gas kinematics are mis-
aligned with the stellar kinematics in the outer regions. The
kinematics of this galaxy were studied by Weijmans (2009),
which hints at an inner stellar disc in the kinematic map.
A set of basic properties for these galaxies is outlined
in Table 1.
2.2 Observations
We use data from the DEIMOS spectrograph (Faber et al.
2003) mounted on the Keck II telescope, collected as part of
the SLUGGS survey (Brodie et al. 2014). The new data
presented in this paper are the final observations of the
SLUGGS survey, collected over three observing runs in April
and December 2015, and March 2016. Since NGC 4459 and
NGC 4474 have such a small angular separation, a single
system of six masks was designed to cover both galaxies.
Three of these six masks are centred solely on NGC 4459,
two focus on NGC 4474, and one is a ‘bridge’ mask, con-
taining slits that cover both NGC 4474 and NGC 4459. The
configuration of these masks is shown in the top panel of Fig-
ure 1. Data were collected for a third galaxy (NGC 4468) in
this field of view, but this is only a serendipitous object, and
due to the sparse nature of the data it will not be discussed
within this paper.
We also present new data for NGC 7457 (observed in
December 2015) that we combine with the two masks previ-
ously observed in November and September 2013, and June
2010 (their kinematics were reported by Arnold et al. 2014
and Foster et al. 2016). The configuration of both new and
previously observed masks is shown in the middle panel of
Figure 1.
These DEIMOS masks were designed with the standard
setup of the SLUGGS survey: slits are arranged to target
globular clusters (GCs) in the outer regions, and galaxy light
in the central regions. For this paper we analyse only the
stellar spectra extracted from galaxy light - globular cluster
data will be presented in a separate paper.
We also present the first complete data taken using the
SuperSKiMS3 technique of Pastorello et al. (2016) for the
galaxy NGC 2549. This technique maximises slits across the
central part of the galaxy in order to increase the sampling
density of galaxy stellar light out to large radii. Three masks
were made for this galaxy, shown in the bottom panel of Fig-
ure 1. A fourth mask was designed to target the minor axis
of the galaxy, but it was not observed due to an instrument
fault.
A summary of observation parameters for each mask,
including date of observation, exposure time and seeing con-
ditions, is given in Table 2. All masks have spectra that
are centered around 7800A˚, in order to obtain the Calcium
3 SKiMS: Stellar Kinematics with Multiple Slits
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Table 1. Galaxy Properties
Galaxy Alt. Name R.A. Dec. log(M∗) Dist σ Re P.A.  Vsys Morph.
(NGC) (h m s) (d m s) (M) (Mpc) (km s−1) (arcsec) (deg) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
2549 ... 08 18 58.3 +57 48 11 10.28 12.3 141 14.7 179.5 0.69 1051 S0
4459 VCC 1154 12 29 00.0 +13 58 42 10.98 16.0 170 48.3 105.3 0.21 1192 S0
4474 VCC 1242 12 29 53.5 +14 04 07 10.23 15.5 88 17.0 79.4† 0.42 1611† S0
7457 ... 23 00 59.9 +30 08 42 10.13 12.9 74 34.1 124.8 0.47 844 S0
Notes: (1) Galaxy NGC number. (2) Alternative galaxy name. (3) Right ascension and (4) Declination (taken from the NASA/IPAC
Extragalactic Database). (5) Total stellar mass (Forbes et al. 2016b). (6) Distance (Brodie et al. 2014, except for NGC 2549, for
which we use the value published in Tonry et al. 2001). (7) Central velocity dispersion within 1 kpc (Cappellari et al. 2013). (8)
Effective radius (Forbes et al. 2016b). (9) Photometric position angle (Krajnovic´ et al. 2011). (10) Ellipticity (Krajnovic´ et al. 2011).
(11) Systemic velocity (Cappellari et al. 2011a). (12) Morphological type. † Denotes quantities published incorrectly in Brodie et al.
(2014).
Table 2. Observations
Mask Name Obs. Date Exp. Time Seeing
(sec) (”)
(1) (2) (3) (4)
Existing data:
7457M1 2010-06-12 9900 1.1
7457M2 2010-06-13 5354 0.9
N7457M3 2013-09-29 8700 0.8
4N7457B 2013-11-02 7200 0.9
New data:
2N4474 2015-04-12 6422 0.4
1N4459 2015-04-12 7200 1.2
3N4474 2015-12-07 6900 0.9
1N2549 2015-12-08 7200 0.7
2N4459 2015-12-08 7200 0.7
2N2549 2015-12-09 6000 0.7
1N7457 2015-12-09 7200 2.0
1N4474 2015-12-09 7200 1.3
3N2549 2015-12-10 7200 1.2
4N4459 2016-03-09 9000 1.3
Triplet (CaT) absorption lines. Each slit on the mask has a
width of 1′′. The velocity resolution of the DEIMOS instru-
ment is σ = 24 km s−1.
2.3 Reduction
The reduction procedures used for our data are mostly out-
lined in Arnold et al. (2014). The spectra are reduced using
an IDL spec2d pipeline (Cooper et al. 2012). This pipeline
processes the spectra of the central objects in the slits, often
globular clusters, subtracting off the sky and galaxy stellar
light. Thereafter, an additional process extracts the spectra
of the galaxy stellar light. We apply the SKiMS technique
(Norris et al. 2008; Proctor et al. 2009; Foster et al. 2009),
which utilises ‘pure sky’ slits at large distances from the
galaxy centre to determine the sky spectra, and then sub-
tracts these off the background spectra, isolating the galaxy
stellar light.
In order to produce a high quality sky subtraction, the
penalised Pixel Cross-correlation Fitting (pPXF) routine by
Cappellari & Emsellem (2004) has been implemented to de-
termine the best matches for the sky spectra in each indi-
vidual slit.
Table 3 provides a summary of the number of spectra,
S/N, and radial extent of the data for each galaxy.
Table 3. The S/N range and number of spectra for each galaxy.
Galaxy Spectra S/N Range Maximum Radius
(NGC) (Number) (Re)
2549 69 8.6 - 451 3.5
4459 70 6.4 - 212 3.1
4474 28 9.4 - 189 2.7
7457 61 7.0 - 177 2.4
2.4 Kinematic Measurements
The kinematic properties from each spectrum can be de-
scribed as a Gauss-Hermite parametrisation of the LOSVD
(van der Marel & Franx 1993; Gerhard 1993), which consists
of four moments: mean velocity (V ), velocity dispersion (σ),
h3 (related to skewness - an asymmetric deviation from the
Gaussian) and h4 (related to kurtosis - a symmetric devia-
tion from the Gaussian).
In a galaxy that is observed at an inclination, the stars
either in front of, or behind, the tangent point will have a
lower line-of-sight velocity and the LOSVD will have a low-
velocity tail, resulting in a negative h3. This effect is greater
for galaxies that are more edge-on (this is described nicely
in Section 6.1 of Veale et al. 2017). Stronger amplitudes in
h3 are evidence of skewed distributions of stars in the line
of sight, and can be indications of rotation or kinematically
distinct cores (van der Marel & Franx 1993).
The h4 moment is an indicator of the anisotropy along
the line of sight for a single measurement, where h4 > 0
(peaked Gaussian) corresponds to increasingly radial orbits,
whereas h4 < 0 (flattened Gaussian) corresponds to increas-
ingly tangential orbits. Isotropic systems would therefore be
expected to have h4 ∼ 0.
These parameters are all fitted using pPXF. For a more
detailed description of this process, see Arnold et al. (2014).
3 RESULTS
3.1 Stellar Kinematics
3.1.1 Kinematic maps
Two-dimensional maps provide a visual overview of the
mean velocity and velocity dispersion for the four galaxies.
We apply the kriging interpolation technique to generate 2D
maps, as done by Pastorello et al. (2014) and Foster et al.
© 2015 RAS, MNRAS 000, 1–??
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Figure 1. DEIMOS mask layout. a) Mask layout for NGC 4459
(right) and NGC 4474 (left). The background image shows the
field observed in the r filter with Subaru/Suprime-Cam. The
galaxy between the two is NGC 4468 - a serendipitous object.
b) Mask layout for NGC 7457. The background image shows the
field observed in the g filter with Subaru/Suprime-Cam. c) Mask
layout for NGC 2549. The background image shows the field ob-
served in the r filter with Subaru/Suprime-Cam. For all panels,
orientation is North up, East to the left.
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Figure 2. 2D kinematic maps for NGC 2549. The slit positions
are indicated as small circles, and the iso-velocity contours are
presented as black lines. An indication of the spatial extent of each
map is given by the 1 and 2 Re dashed white ellipses. The colour
bar for each map shows the mean velocities/velocity dispersions,
from lowest values (blue) to highest values (red).
(2016). We only include spectra which have been judged to
have good spectral fits, and datapoints which were identified
from the kinematic maps as clear outliers with respect to the
interpolated map were excluded. The data points used are
shown on the maps themselves. These 2D maps are shown
in Figures 2 to 5, for galaxies NGC 2549, NGC 4459, NGC
4474 and NGC 7457.
All of these four galaxies are classified as central fast
rotators by the ATLAS3D survey. In Figures 2 to 5, our
data show that this rotation is not only restricted to the
central regions, but extends out to the radial extent of our
data, around 2 Re.
We draw the reader’s attention to the structural differ-
ence in the distribution of data points for NGC 2549 (Figure
2), where we have more thorough spatial sampling along the
major axis. This is due to the application of the new Su-
perSKiMS mask design (Pastorello et al. 2016). In the mean
velocity map for NGC 2549 (Figure 2), we identify a thinner
rotational component in the central Re (whereas typical ro-
tating features increase in projected width with radius, this
feature maintains a constant narrow width for ∼ 20′′ along
the major axis) than in the outer regions of the galaxy. In
addition to the thinner rotation component, there is a subtle
dip present in the velocity map at ∼ 20′′ from the centre of
the galaxy along the major axis. Both of these features are
visible in the velocity map of Weijmans (2009). The thinner
inner disc component is also visible in the ATLAS3D mean
velocity map, however the radial extent of this data is not
© 2015 RAS, MNRAS 000, 1–??
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Figure 3. NGC 4459 (See caption of Figure 2 for details).
large enough to identify the velocity dip. The velocity dis-
persion map for NGC 2549 shows a clear peak in the centre
of ∼ 110 km s−1, with a decline in velocity dispersion along
the major axis. Along the diagonal axes, the velocity dis-
persion is seen to peak again. This is again a feature that
was present in the data from the PPAK integral-field spec-
trograph of Weijmans. In the ATLAS3D velocity dispersion
map, there is also a slight indication of an increase in veloc-
ity dispersion along the diagonal axis, however this feature
is not significant.
The rotation signature in the velocity map of NGC 4459
(Figure 3) is very broad, as is naturally expected for a near
face-on galaxy. The rise in velocity occurs very sharply in
the centre of the galaxy, and extends beyond ∼ 2Re. We
note a spot at ∼ 2Re along the major axis in the west
end of the galaxy where there is a reduction in the velocity
of ∼ 50 km s−1. This feature in the velocity map coincides
with a ‘cold spot’ in the velocity dispersion map, where the σ
value is smaller than the surrounding area by ∼ 50 km s−1.
Greater spatial sampling in this region would be required to
confirm whether this ‘spot’ is real, and not simply an arti-
fact of our sampling. For both kinematic maps, the general
features visible in the ATLAS3D maps are the same as those
we see. Due to the better central sampling of the ATLAS3D
maps, however, the central rotation is seen to be stronger
in the ATLAS3D velocity map, and the central σ peak is
resolved, indicating that it is higher than that shown in our
map by ∼ 20 km s−1.
NGC 4474 also displays strong rotation along the major
axis (Figure 4). The velocity gradient in the centre of the
galaxy is more gradual than for NGC 4459, but the extent
of the rotation is comparable. The features in the ATLAS3D
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Figure 4. NGC 4474 (See caption of Figure 2 for details).
velocity map for NGC 4474 exactly replicate those seen in
Figure 4, despite the sparser sampling. While the veloc-
ity dispersion is seen to decline along the major axis for
NGC 4474, the low spatial sampling in the inner parts of
the galaxy limits our information about a central peak in
the velocity dispersion. Along the minor axis, the velocity
dispersion appears constant. The ATLAS3D data indicate
that there is a central velocity dispersion peak of just under
100 km s−1 for this galaxy (Cappellari et al. 2011a).
The kinematic maps for NGC 7457 (Figure 5) show the
galaxy’s very regular rotation along the major axis, with
a peak in rotational velocity lower than 100 km s−1. The
velocity dispersion map shows a modest central peak of
∼ 45 km s−1, declining with radius in all directions. Fos-
ter et al. (2016) also identify a peak in rotational pota-
tion at ∼ 100 km s−1, with a central σ below ∼ 50 km s−1.
The ATLAS3D velocity dispersion map for NGC 7457 is
fairly noisy, with central σ measurements ranging from
∼ 40− 80 km s−1.
3.1.2 Kinemetry
Kinemetry was introduced by Krajnovic´ et al. (2006) to cal-
culate the best fitting kinematic parameters of a galaxy in
the azimuthal dimension. This technique was adapted for
sparsely sampled data by Proctor et al. (2009). Our appli-
cation of kinemetry is outlined in Proctor et al. (2009) and
Foster et al. (2016). We give a brief overview in what follows.
The assumption is made within this technique that
along each radial ellipse, mean velocity and h3 vary sinu-
soidally, such that the maximum and minimum values occur
on either side of the major axis. For the symmetric param-
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Figure 5. NGC 7457 (See caption of Figure 2 for details).
eters velocity dispersion σ and h4, the values are assumed
to be constant along an ellipse. The mean velocity curve vs
azimuth angle is calculated using
Vobs = Vsys ± Vrot cos(φ) (1)
where Vobs is the observed velocity, and Vsys is the systemic
velocity of the galaxy. The angular separation of a data point
from the major axis is given by φ, and is defined as
tan(φ) =
tan(PA− PAkin)
qkin
. (2)
Here, PA is the position angle of the data point, PAkin is
the kinematic position angle of the galaxy, and qkin is the
kinematic axial ratio of the galaxy. Within each radial incre-
ment, the best fitting kinematic measurement is determined
by the deviations of Equation 1 from the data.
As with the data used to create 2D kinematic maps,
only spectra are included for which the kinematic fits to the
data have been judged as good. Furthermore, individual dat-
apoints that were seen to be clear outliers in the kinematic
maps have also been excluded from the kinemetric input.
The data are separated into rolling radial bins of ellipti-
cal annuli with varying radii, such that the number of points
per radial bin is constant. This number is manually deter-
mined, based on the sampling density of the observational
data. For our data we use 10 points per radial bin, deter-
mined to be large enough to extract kinematic data, but
small enough to ensure a sufficient number of bins. To mea-
sure the radius of each point, the coordinates of each galaxy
are first redefined so that the x-axis is coincident with the
photometric position angle (PAphot) of the galaxy
x = (α− α0) cos(δ0) sinPAphot + (δ − δ0) cosPAphot
y = (α− α0) cos(δ0) cosPAphot − (δ − δ0) sinPAphot,
(3)
where α0 and δ0 are the central right ascension and dec-
lination of the galaxy respectively, and then the circular-
equivalent radius R of each point is defined as
R =
√
x2 × qphot + y2/qphot, (4)
where qphot is the photometric axial ratio of the galaxy.
Starting in the centre annulus, where the S/N is the
highest, the least-squares process is carried out iteratively
to compute four parameters in each bin: Vrot, σ, h3 and h4.
The equations describing the χ2 computations for each of the
four parameters are outlined in detail in Foster et al. (2016).
The kinemetry errors are given by the 1σ distribution of 500
bootstrap resamplings, as introduced in Foster et al. (2013).
When carrying out kinemetry on this sample, the kine-
matic axial ratio qkin is fixed to qphot to ensure greater sta-
bility in the results (see Foster et al. 2016).
This process has been carried out independently for
both our data and the corresponding ATLAS3D data. This
ensures that the trends noted in the two surveys are inde-
pendently assessed4.
The rotational velocity, velocity dispersion, position an-
gle, h3 and h4 profiles derived from kinemetry for each of
the galaxies are shown in Figure 6, and we describe some of
the key features in the following:
NGC 2549: The rotational velocity increases up to
1.5 Re, at which point the rotation plateaus. The ATLAS
3D
rotation profile shows a slight wiggle just interior to 0.5 Re
that is not reproduced by our data. This is due to the struc-
ture of the disc-like rotation in the centre of the galaxy.
As can be seen in Figure 2, the first rotational peak occurs
well within 1Re. This disc is of uniform thickness within
∼ 0.5Re, beyond which this disc is seen to thicken dramat-
ically. This feature is also seen in the maps of ATLAS3D.
Due to our sparse sampling of the galaxy along the minor
axis, however, this feature is not picked up by the kineme-
try, resulting in the discrepancy of the two profiles within 0.5
Re. The velocity dispersion profile declines with radius until
∼ 2Re, where the kinemetry profile shows a bump. This
corresponds with the σ peaks seen in the kinematic maps,
and discussed in Section 3.1.1. As with the other galaxies,
there is a velocity dispersion offset between our data and
that of ATLAS3D of around 20 km s−1, which is constant
over the whole overlap region between the two observations.
We discuss this offset further at the end of this section. The
PAkin of the galaxy is shown to be constant with radius at
0 degrees. The h3 profile varies between −0.1 and 0, with
some deviations from the ATLAS3D data. No clear features
are seen in the h4 profile.
NGC 4459: The rotation velocity plateaus at a max-
imum value between ∼ 0.5 − 1Re, and declines slowly out
to the extent of our spatial coverage. From the ATLAS3D
profile, a double-velocity peak is identified, which led to this
4 Because of the much larger spatial sampling of the ATLAS3D
data, the number of points per radial bin implemented was 100,
as opposed to 10 for our data.
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Figure 6. Galaxy radial profiles for NGC 2549, NGC 4459, NGC 4474 and NGC 7457 from kinemetry. From top to bottom, the panels
show the rotational velocity Vrot in km s
−1; velocity dispersion in km s−1; kinematic position angle; h3; and h4. Our data are presented
in solid blue, and the SAURON/ATLAS3D data are in dashed red. The shaded region indicates the 1σ range of points produced through
500 bootstrap resamplings. Parameters which have been fixed during the kinemetry calculation to ensure better fits have been dispayed
as finely dashed black lines.
galaxy being classified as a ‘2M’ (double maxima) galaxy in
the ATLAS3D survey (Krajnovic´ et al. 2011). We see a slight
dip in the rotation profile at ∼ 2Re, which corresponds with
the velocity dip seen in the kinematic maps. The central σ
profile is quite steep, with the velocity dispersion declining
with radius. The offset in velocity dispersion between our
data and that of ATLAS3D is smaller for this galaxy than
for the other three galaxies. Again, the effect of the ‘cold
spot’ in the velocity dispersion kinematic map is present
within the kinemetry profile at 2Re. No noticeable features
can be seen in the PAkin or h4 profiles, and the features seen
in the h3 profile are not significant within the uncertainties.
NGC 4474: Due to the lower number of points avail-
able for this galaxy, we were unable to fit for PAkin, and
have instead fixed the kinematic PA to the photometric
value (we have shown the fixed parameter with the black
finely dased line in Figure 6). The rotational velocity profile
steepens at 1Re, after which the rotation remains constant
at ∼ 75 km s−1 until 2Re. The velocity dispersion profile
gradually decreases with radius, with a dip seen at 1 Re. Be-
yond 1Re, velocity dispersion is constant in the same man-
ner as the rotation profile. A slight increase is seen in the h3
profile with radius, following a shallow dip in the profile at
∼ 1Re. There are no features present within the h4 profile.
NGC 7457: Within 1Re, the rotational velocity pro-
file reaches close to the maximum level, and at larger radii
this rotation remains constant. The most central rotational
velocity measurement agrees with the ATLAS3D profile, but
the gradients of the two profiles are very different, such that
the two profiles deviate by ∼ 25 km s−1 from 0.5 − 1Re.
The central velocity dispersion is much lower than for the
other three galaxies, peaking at values of ∼ 50 km s−1 at
0.3Re, and while σ decreases with radius, the gradient is
very shallow. The offset in the velocity dispersion profile
between our data and those of ATLAS3D is large, at
∼ 30 km s−1. We note that the extent of this offset may
be due to the poorer velocity dispersion resolution of the
ATLAS3D survey of ∼ 90 km s−1. The velocity dispersion
measurement from ATLAS3D is at this limit, and would
have been difficult to resolve by the SAURON instrument.
Kormendy (1993) measured a central velocity dispersion
of σ = 65 km s−1, which is consistent with our velocity
dispersion measurement. Again, no particular features are
noted in the PAkin or h4 profiles. A slight wiggle is noted
in the h3 profile at 1.5Re, but this is not significant within
the errors of the profile.
The rotation we measure are in good agreement with
the ATLAS3D data, however we note that, as in Foster et
al. (2016), a σ offset is present between our data and those
of ATLAS3D in the overlapping regions. The average σ offset
for each galaxy is 20 km s−1, 11 km s−1, 17 km s−1, and
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33 km s−1 for NGC 2549, 4459, 4474 and 7457 respectively.
Potential sources of this offset were discussed by Foster et
al., but no firm conclusions were reached. Pastorello et al.
(2016) compared SLUGGS measurements of individual slits
to ATLAS3D measurements in overlapping regions for the
galaxy NGC 1023, and found that the σ offset is larger in
the outer regions, where σ is lower. Since the binning is
larger in ATLAS3D points in the outer regions of the galaxy,
this suggests that the binning might be responsible for the
offset. Similar offsets were seen in Boardman et al. (2016),
and these were also attributed to binning in ATLAS3D
data.
The additional data included in this paper from NGC
7457 have resulted in kinemetry profiles that are consistent
with those published in Foster et al. (2016). This highlights
the robustness of the kinemetry technique to varying spatial
sampling.
3.2 Higher-order LOSVD Moments
The higher-order moments of the LOSVD (line-of-sight ve-
locity distribution), namely the h3 and h4 parameters, have
been shown to hold a wealth of kinematic information sup-
plementary to the mean velocity and velocity dispersion. As
done in Forbes et al. (2016), we look for potential signatures
in the V/σ against h3 and h4 parameter spaces. Figure 7
shows V/σ vs h3 and h4 for our four galaxies.
The minimum S/N used in our analysis of the higher
velocity moments is 20, so that no spurious values are con-
sidered. The S/N cutoff used by Forbes et al. (2016) was
10, however we identify that by increasing this cutoff we de-
crease the mean error in h3 by on average 20 per cent, and we
notice a significant visual reduction in the outliers in Figure
7. From Figure 7, we can identify that the anticorrelation
between h3 and V/σ is present for all four galaxies, more
strongly for NGC 2549 and NGC 4474. This anticorrelation
is indicative of a rotating disc within the galaxy.
The presence of a bar in NGC 2549 can be seen to have
an influence on the plots of both V/σ vs h3 and V/σ vs
h4. In the V/σ vs h3 plot (top left panel of Figure 7), the
slope is positive within the very inner region, in contrast to
the dominant outer regions. In particular, the points that
correspond to this positive correlation are likely measure-
ments taken within the x-shaped region at the very centre
of the bar (Laurikainen & Salo 2016). In the V/σ vs h4 plot
(bottom left panel of Figure 7), there is a distinctive peaked
shape in the data, where points with low V/σ have slightly
positive h4 values, and as the absolute magnitude of V/σ
increases, h4 becomes increasingly negative. Since h4 is a
proxy for anisotropy, (as outlined in Section 2.4), this in-
dicates that NGC 2549 is roughly isotropic in the central
regions (where V/σ is small), and then has increasing tan-
gential anisotropy with radius (where V/σ is large).
To gain a deeper understanding of how the LOSVD
properties of the four low-mass S0 galaxies studied in this
paper relate to those of the broader ETG population, we
present measurements made for all 28 SLUGGS (25 orig-
inal, plus 3 ‘bonus’5) galaxies to date in Figure 8. Here,
we highlight the difference in the h3, h4 vs V/σ parameter
5 NGC 2549, NGC 3607, NGC 5866
space as a result of morphology. The strong anticorrelation
between h3 and V/σ is very apparent in S0 galaxies, and
not at all in E galaxies. This is due to the much larger
horizontal spread in points for S0 galaxies, an outcome of
S0 galaxies having more rotational support, as opposed to
the dispersion-supported E galaxies. NGC 2549, NGC 4459,
NGC 4474 and NGC 7457 are clearly typical examples of S0
galaxies.
3.3 Stellar spin
We use individual pixels from 2D kinematic maps (Figures
2 to 5) to measure the stellar spin of each galaxy. We utilise
the same proxy for stellar spin as developed by Emsellem et
al. (2007), λR:
λR =
∑NP
i=0 FiRi|Vi|∑NP
i=0 FiRi
√
V 2i + σ
2
i
. (5)
Here, at the ith pixel, F is the flux, R is the circularised ra-
dius (as indicated by equation 4), V is the velocity, and σ is
the velocity dispersion. Although this is parameter was re-
ferred to as an ‘angular momentum’ parameter by Emsellem
et al. (2007), it is technically better described as a dimen-
sionless ‘spin’ parameter, and therefore throughout this pa-
per we adopt this nomenclature.
We apply Equation 5 in three separate ways to measure
different aspects of the stellar spin of each galaxy.
Firstly, we measure the total stellar spin, a single value
describing the stellar spin present within a specific radius.
Here, Equation 5 is applied to each pixel of the kinematic
maps within the specified aperture radius. We denote this
value as λR. This is equivalent to the λR value used in Em-
sellem et al. (2011) to classify ETGs as either fast or slow
rotators. The stated aperture used to calculate λR by Em-
sellem et al. (2011) is 1Re, which is the aperture that we use
within this paper. We note, however, that the radial extent
of ATLAS3D used by Emsellem et al. (2011) is less than 1Re
for NGC 4459 and NGC 7457.
We calculate the radius of each pixel using the method
given in Section 3.1.2 using Equations 3 and 4. We identify
the flux at each pixel Fi based on MGE (Multi Gaussian Ex-
pansion; Emsellem, Monnet & Bacon 1994) luminosity pro-
files derived from I- and r-band deconvolved surface bright-
ness profiles (Emsellem, Dejonghe & Bacon 1999; Cappellari
et al. 2006; Scott et al. 2009, 2013). For galaxies not part
of the ATLAS3D survey, which do not have MGE profiles,
we use surface brightness profiles derived from Spitzer Space
Telescope imaging (Forbes et al. 2016b). We have tested that
there is no significant impact on the results by using a lu-
minosity profile in a different band.6
Secondly, we calculate the λR value at radial intervals of
the galaxy to produce a cumulative total stellar spin profile.
These profiles replicate the λR profiles displayed in Figure
2 of Emsellem et al. (2007). We note, however, that the
6 The average difference in λR values for SLUGGS galaxies with
both luminosity profiles is ∼ 0.6 per cent. This variation repre-
sents ∼ 5 per cent of the associated uncertainties, and hence the
variation produced by different luminosity profiles is negligible.
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Figure 7. Higher-order velocity moment relations with V/σ. The points in the top panels show h3 values, and the points in the bottom
panels show h4 values. Measurements made within 1Re are open circles, and filled circles show measurements made outside 1Re. All
points have S/N > 20. The anticorrelation between h3 and V/σ has been fitted and indicated by the dashed line in each of the top
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Figure 8. Higher-order LOSVD measurements for all SLUGGS
galaxies, separated by morphology. All spectra with S/N > 20
for each galaxy have been plotted.
methods in making these measurements are slightly differ-
ent, with value of λR by Emsellem et al. (2007) being pro-
duced through Voronoi binning, whereas we produce these
values through use of the kriging map pixels. This produces
slight variation in the results.
Thirdly, we measure the λR parameter within a 1” wide
elliptical annulus at radial intervals to measure local stel-
lar spin profiles. We denote these values as λ(R). Due to
the small radial interval over which this parameter is mea-
sured, the flux-weighting is meaningless, since the flux levels
are by definition nearly uniform across elliptical annuli. Be-
cause the number of pixels in each bin varies with radius, we
bootstrap resample the pixels within each bin and calculate
the local stellar spin 100 times. We propagate the velocity
and velocity dispersion uncertainties from individual pixels
of the 2D maps through to the profiles in Figure 10.
Stellar spin profiles of SLUGGS galaxies have previ-
ously been published in Arnold et al. (2014) and Foster et
al. (2016). In both of these studies, the stellar spin profiles
had been presented in the form of λ(R) profiles. Hence, the
λR profiles presented within this paper are the first cumu-
lative stellar spin profiles published for SLUGGS galaxies.
The radius to which we measure both λR and λ(R) pro-
files is determined by the azimuthal completeness at each
radial bin, in the same manner as was implemented by Em-
sellem et al. (2007) for the SAURON survey. For λ(R), the
cut-off point is the radius at which the coverage over the an-
nulus is less than 85 per cent, and for λR, the cut-off point
© 2015 RAS, MNRAS 000, 1–??
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Figure 9. A depiction of how the variation in stellar spin in the outer regions of galaxies is better probed by a local measure of the
stellar spin for the E galaxy NGC 3377. The velocity 2D map is shown in the left panel, where the positions of individual spectra are
plotted as small circles, and the white dashed ellipses show the 1 and 2Re spatial extent. λ(R) and λR profiles plotted in the middle and
right panels respectively. The radius at which the maximum stellar spin values are reached is indicated by the blue line in both panels,
and it can be seen that the peak in local stellar spin is reached earlier than in the total (cumulative) stellar spin profile. The peak λR
value is indicated by the red line, and it can be seen that the peak value is greater in the local profile than the total profile. The decline
of stellar spin in the outer region, which is clearly visible in the 2D velocity map, is more strongly presented in the λ(R) profile than the
λR profile. Note the differences in radial coverage for each of the profiles.
is the radius at which the coverage over the whole enclosed
elliptical area is less than 85 per cent. Since it is necessary
to define the coverage differently due to the different ways
in which the profiles are calculated, the radial extent of the
λR profiles is therefore larger than the λ(R) profiles for each
galaxy.
A comparison of the local and total stellar spin pro-
files is shown in Figure 9 for the SLUGGS galaxy NGC
3377. Here, the behaviour of the two profiles is qualitatively
the same, however quantitatively different. Within the total
stellar spin profile the spin gradients are diluted, especially
within the outer regions. The rotation map for NGC 3377
is also shown in Figure 9, and from this map the differing
kinematic behaviour in the outskirts of the galaxy compared
to the inner region is clear. This behaviour is much better
portrayed by the λ(R) profile than the λR profile.
We show individually the λ(R) profiles of the four galax-
ies of this paper in Figure 10 as black solid lines. NGC 4459
and NGC 7457 both have rapidly increasing profiles within
the central 1Re, and flat profiles outside 1Re. The same
trend appears to be true for NGC 4474, although due to
a smaller spatial coverage, we cannot confirm a flat stellar
spin profile beyond 1Re. The profile for NGC 2549 reaches
an early plateau at 0.5Re, then increases to reach a sec-
ondary plateau at 1.5Re. This is likely due to the central
bar which extends to a radius of 45′′ along the major axis
(Savorgnan & Graham 2016).
We additionally show in Figure 10 the λR profiles, which
are akin to the λR profiles presented by the ATLAS
3D team,
as described in Section 3.3. There are a few systematic dif-
ferences to be noted from presenting λR profiles in these
two ways. The most obvious of these differences is that the
maximum value of λR is less than that of λ(R). This is
an unsurprising result, given the flux-weighting (resulting
in an under-weighting of points with greatest rotation), and
the cumulative nature of the λR profile (central values con-
tribute at all radii). In falling rotation profiles, this effect is
the opposite at larger radii, where the value of λ(R) is less
than that of λR. Another difference is that the λ(R) profiles
peak closer to the galaxy centre. This is the most apparent
for NGC 4459, where the λ(R) profile plateaus at ∼ 0.5Re,
whereas the λR profile is still rising at 2Re. Finally, we ob-
serve that the λ(R) (by design) is much better able to follow
the local variations in the rotational behaviour of the galaxy
with radius. This is especially true at large radii, where the
signal is reduced. Figure 9 clearly shows such differences for
the SLUGGS galaxy NGC 3377. We will place emphasis on
λ(R) profiles for the remainder of the discussion within this
paper, since we are interested in viewing signatures of for-
mation in the outskirts of these galaxies. These features are
much more prominent when studying the kinematic varia-
tions with radius, as opposed to the global kinematic prop-
erties portrayed by λR.
Qualitatively, our profiles display the same trends as
those produced by the ATLAS3D data in regions where the
data overlap when calculating the profiles in the same man-
ner.
3.3.1 The morphology of NGC 4564
The morphology of the SLUGGS galaxy NGC 4564 was
listed as E6 in Brodie et al. (2014), according to the clas-
sifications of RC3 and RSA. It was noted by Michard &
Marchal (1994), however, that this galaxy may be better
classified as S0 as a result of clear bulge-disc separation in
the photometry, and strong disciness. In a study of ellipti-
cal galaxies using imaging from the Hubble Space Telescope,
Trujillo et al. (2004) found that the elliptical features in
NGC 4564 were actually disc features, and concluded that
it was better classified as an S0 galaxy. Furthermore, Kor-
mendy et al. (2009) showed that the brightness profile has a
two-component structure with a bulge and a disc, and found
very discy distortions in the a4 profile (where a4 is a measure
of the disciness/boxiness of the galaxy isophotes).
Hence, there is consensus that NGC 4564 was originally
misclassified as an elliptical galaxy, and therefore through-
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Figure 10. Stellar spin profiles, derived from 2D kinematic maps.
We plot the λR(loc) profile in black solid lines, and the λR flux-
weighted profile in red dashed lines. The shaded regions show the
associated uncertainties of the profile.
out the analysis in this paper, we assume NGC 4564 to be
an S0 galaxy.
3.3.2 Stellar spin profiles - lenticular vs elliptical galaxies
We compare the λ(R) profiles of the four lenticular galaxies
of this paper to the rest of the galaxies of the SLUGGS
survey7 in Figure 11. In the top panel, we plot the λR profiles
for all the galaxies that have been classified as S0 (or hybrid
of E and S0), and we contrast these profiles to those classified
morphologically as pure elliptical galaxies in the lower panel.
The most immediate difference between the two samples
is that the S0 galaxies typically have much larger stellar spin
values, particularly at radii beyond 1Re. For all S0 galaxies,
7 We include profiles for bonus SLUGGS galaxies NGC 3607 and
NGC 5866. For further detail on these galaxies, including their
2D kinematic maps, see Foster et al. (2016) and Arnold et al.
(2014).
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Figure 11. Stellar spin profiles of all galaxies within the SLUGGS
survey, as well as NGC 2549. The upper panel features lenticular
galaxies, whereas elliptical galaxies are shown in the lower panel.
Galaxies NGC 2549, NGC 4459, NGC 4474 and NGC 7457 are
highlighted as solid lines in the upper panel. The shaded regions
for each profile indicate the associated uncertainties.
except NGC 2768, NGC 3607 and NGC 4649, the λ(R) pro-
file peaks within 1Re, and then remains relatively constant.
For NGC 2768, NGC 3607 and NGC 4649, the profiles are
continuously rising until the radial extent of our data. This
behaviour of the λ(R) profiles is only replicated for a few
of the elliptical galaxies. Laurikainen et al. (2011) identified
that NGC 3607 and NGC 4649 both contain lenses, a feature
which may be responsible for these increasing λ(R) profiles.
Out of the 14 E galaxies, 5 are seen to have downturning
profiles after the initial central rise, and those galaxies with
a constant λ(R) value at larger radii have their peak at
λ(R) 6 0.3. NGC 3607 is seen to have a rise in λ(R) beyond
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Figure 12. Gradient in λ(R) profiles between 0.5Re and 2Re
versus λ(R) at 1Re. S0 galaxies are plotted as orange circles, and
elliptical galaxies are plotted as blue squares. For galaxies with
a radial extent < 2Re, the λ(R) value at the maximum radius
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each galaxy is indicated on the plot. S0 galaxies typically have
rising local stellar spin profiles. The position of NGC 4564 in this
parameter space is in line with S0 galaxies, rather than with the
other E galaxies.
1Re after a quick rise then plateau in the inner 1Re. This
upturn is seen in two E galaxies NGC 4494 and NGC 4697.
Not only are the shapes of the profiles different for
the galaxies of each morphology, so too is their distribu-
tion. E galaxies display a strong clustering of profiles at
0 6 λ(R) 6 0.4 (with only two galaxies outside this
range), whereas the S0 galaxy profiles occupy a larger part
of the parameter space, with a smooth distribution within
0.2 6 λ(R) 6 0.9.
A quantitative way of comparing the gradients of these
profiles is shown in Figure 12, where the difference in λ(R)
values at 2 and 0.5Re is plotted against the λ(R) profile
at 1Re. For those galaxies with a radial extent less than
2 Re, the value of λ(R) was used at the maximum radius
(open circles). For galaxies that have a large λ(R) gradient at
Rmax < 2Re, arrows indicate the direction this value would
change with the full radial extent of 2Re This parameter
space was used in Arnold et al. (2014) for a smaller sample
of the SLUGGS galaxies. Similar plots were presented by
Raskutti, Greene & Murphy (2014) and Foster et al. (2016).
Here, galaxies with steeply rising profiles that plateau are
located in the upper right corner of the plot, while slowly
rising profiles with low peak values tend to stay on the left
middle part of the plot. If there is a downturn in the stellar
spin with radius, then the galaxy resides in the lower half
of the plot, with a negative gradient between 0.5 and 2Re.
We note that high-λ(R) galaxies with plateaus (upper right
corner of Figure 12) are almost exclusively S0 galaxies, while
lower-λ(R) (middle left) and downturning-λ(R) (lower half
of plot) galaxies have an E morphology in almost all cases8.
This supports the qualitative conclusions made from Figure
11. Similarly, Foster et al. (2016) measured the gradient in
local stellar spin for 23 SLUGGS galaxies. They established
that lenticular galaxies generally have a stronger positive
spin gradient than elliptical galaxies, as found within this
work. This was not as evident in Raskutti, Greene & Mur-
phy (2014), whose analysis found no particular trends when
plotting the stellar spin gradient against either morphologi-
cal type or local stellar spin at 1Re.
Figures 11 and 12 show that through comparison of the
inner and outer kinematics, the morphological classifications
are still a relevant way to separate the galaxies, detecting
important structural signatures that are missed by central
data alone (and better detected by local than by cumulative
spin). In tracing extended stellar kinematics, we are able
to trace extended discs within galaxies. As a result, while
face-on galaxies are difficult to classify morphologically, the
kinematics make the morphological separation clearer. In
Figure 12, only two (face-on) galaxies fall in overlapping
regions.
We investigate whether the level of separation of Es and
S0s seen within the parameter space of Figure 12 could have
happened by chance. When randomly assigning morpholo-
gies to each of the galaxies, and then computing the sepa-
ration between the median point of the distribution of each
morphology, we determine that the level of separation that
we see is only replicated 0.03 percent of the time. We there-
fore confirm that the separation seen within the galaxies of
our sample is unlikely to occur by chance, and is therefore
linked to the underlying morphology. Our sample is, how-
ever, relatively small, and this conclusion may be different
for a larger sized sample. Moreover, our sample includes few
fast-rotator elliptical galaxies, which would appear kinemat-
ically more similar to the S0 galaxies of our sample.
In general, the inclination at which galaxies are ob-
served may affect their morphological description, so that
some galaxies described as elliptical could in fact be face-on
S0 galaxies. A large fraction of the E galaxies in our sample
have downturning profiles, however, indicating that they are
likely true ellipticals, as opposed to S0s. Additionally, the in-
clination of galaxies may affect their position in Figure 12,
8 Strong outer substructure was identified in the S0 galaxy NGC
5866 by Mart´ınez-Delgado et al. (2010), evidence of a recent ac-
cretion event. This may be responsible for the depressed rotation
relative to the other S0 galaxies.
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Table 4. λRe for all SLUGGS galaxies.
Galaxy λRe Galaxy λRe
NGC 720 0.13± 0.01 NGC 4365 0.14± 0.01
NGC 821 0.27± 0.01 NGC 4374 0.05± 0.01
NGC 1023 0.70± 0.02 NGC 4459 0.49± 1.00
NGC 1400 0.23± 0.01 NGC 4473 0.19± 0.11
NGC 1407 0.09± 0.01 NGC 4474 0.59± 0.01
NGC 2549 0.72± 0.16 NGC 4486 0.04± 0.01
NGC 2768 0.42± 0.05 NGC 4494 0.27± 0.01
NGC 2974 0.56± 0.07 NGC 4526 0.67± 0.10
NGC 3115 0.64± 0.01 NGC 4564 0.67± 0.23
NGC 3377 0.50± 0.02 NGC 4649 0.25± 0.02
NGC 3607 0.14± 0.01 NGC 4697 0.27± 0.01
NGC 3608 0.14± 0.01 NGC 5846 0.03± 0.05
NGC 4111 0.72± 0.04 NGC 5866 0.48± 0.01
NGC 4278 0.16± 0.01 NGC 7457 0.75± 0.04
since lower inclinations generally result in lower ellipticities.
For the fast-rotators within our sample, however, the incli-
nations are relatively well-known, and omitting near face-on
galaxies would simply strengthen our results.
4 COMPARISON TO SIMULATIONS OF
GALAXY FORMATION
We next discuss the possible assembly pathways for our
galaxies based on comparisons with simulations of binary
mergers (Bournaud, Jog & Combes 2005; Bois et al. 2011; ?)
and with hydrodynamical cosmological simulations of two-
phase formation (Naab et al. 2014). In Section 5 we comment
on how consistent these conclusions are with each other.
In a hierarchical universe, there is an expectation that
low-redshift galaxies have experienced mass accretion from
surrounding galaxies. This accretion could be in the form of
a single, violent event such as a major merger, or perhaps
more commonly in the form of multiple minor mergers. The
likely accretion scenarios for our four galaxies will be deter-
mined using the three aforementioned simulations.
4.1 Binary merger formation
Bois et al. (2011) simulated binary mergers with mass ra-
tios ranging from 1:6 to 1:1, where the merger progenitors
were spiral galaxies with 10 per cent gas and bulge fraction
B/T = 0.20. The results of these mergers were analysed in
λRe − e space (where e is the ellipticity of the galaxy at
1Re, as done by Jesseit et al. 2009), to understand how the
position of galaxies in this parameter space relate to their
individual merger history. The results of the simulations are
plotted in th left panel of Figure 13. The study produced
fast rotating merger remnants (cyan shaded region), slowly
rotating merger remnants (red shaded region), and galaxies
that are the result of re-mergers (green shaded region). The
simulated spiral progenitors are shown in the grey shaded
region.
We plot the positions of the SLUGGS galaxies in Figure
13. The λRe values for each of the galaxies have been indi-
cated in Table 4. The Bois et al. (2011) simulations suggest
that the four S0 galaxies we study are kinematically more
similar to the spiral progenitors of the simulations than to
the merger remnants themselves. In fact, when extending
this classification to the other SLUGGS galaxies shown in
Figure 13, S0 galaxies generally resemble spiral progenitors,
whilst most of the E galaxies span three regions: fast ro-
tator merger remnants, slow rotator merger remnants, and
also the product of a galaxy re-merger. A few exceptions in-
clude the S0 galaxies NGC 1400 and NGC 4649, which are
consistent with being fast rotating merger remnants, and the
S0 galaxy NGC 3607 which may be the remnant of galaxy
re-mergers. These galaxies are offset from the rest of the S0
population in the bottom left corner of Figure 13. We note
however that these galaxies are near face-on (as we discuss
in further detail in Section 5), and therefore these inferences
are more ambiguous than for the other S0 galaxies.
In Figure 13, we also display the spiral galaxies mea-
sured by the CALIFA survey (Querejeta et al. 2015b). These
galaxies cluster above the Bois et al. (2011) simulation rem-
nants, with values of 0.6 < λRe < 0.8 and high ellipticities,
as expected for these flat rotating galaxies. The total distri-
bution of these galaxies extends to low λRe(tot) values of
∼ 0.3, highlighting that even the possible progenitor galax-
ies of ETGs display large variation in this parameter space.
Figure 15 of Cappellari (2016) is similar, in that it high-
lights the large regions (and overlap of these regions) in this
parameter space occupied by both ETGs and spirals using
ATLAS3D, SAMI and CALIFA data.
Querejeta et al. (2015b) conducted simulations of bi-
nary major mergers (with merger mass ratios of 1:1 to 1:3)
using spiral galaxy progenitors that more closely resemble
the spiral galaxies observed by the CALIFA survey. The re-
sults of this simulations are plotted in the right panel of
Figure 13. The progenitors of the simulations have been indi-
cated as the cyan stars, which can be seen to have a rotation
much higher than the spiral progenitors of Bois et al. (2011).
The S0-like remnants that have been produced by these sim-
ulations have been plotted as grey triangles, and it can be
seen that the effect of having progenitors with higher rota-
tion is to produce remnants that too have greater rotation.
When compared to the SLUGGS galaxies, more of the ob-
served S0 galaxies now overlap with the simulated remnants
(as opposed to the Bois et al. (2011) simulations), however
a portion of them are still inconsistent with the simulated
sample.
These simulations highlight the effect of the progeni-
tor kinematics on the merger remnant. We point out that
while the spiral progenitors of Querejeta et al. (2015b) bet-
ter replicate the strong stellar spin of the observed CALIFA
spiral galaxies, the high-redshift spiral galaxies that are the
expected progenitors of local S0s do not necessarily have the
same properties.
Bournaud, Jog & Combes (2005, henceforth BJC05)
also conducted simulations of binary disc-disc galaxy merg-
ers with gas fractions of 8 per cent to understand the rem-
nants of mergers with varying mass ratios. They found that
mergers with mass ratios of 1:1 - 3:1 mainly resulted in el-
liptical galaxies, whereas more intermediate mass mergers
with mass ratios 4.5:1 - 7:1 were much more likely to pro-
duce S0-like disc galaxies. Here, remnants were classified as
either elliptical or disc galaxies based on their stellar density
profile.
The remnants of the mergers showed a characteristic
distribution in the Vrot/σ –  space, which demonstrates
an effect of the merger mass ratio on the level of rotation
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Figure 13. Cumulative stellar spin parameter λR of each galaxy measured at 1Re versus ellipticity measured at 1Re (Emsellem et al.
2011). In both panels, the observed lenticular galaxies are plotted as orange circles, while elliptical galaxies are plotted as blue squares.
Small grey points represent observed spiral galaxies from the CALIFA survey (Querejeta et al. 2015b). In the left panel, the shaded
regions show the simulated results from Bois et al. (2011). Measurements from both the Bois et al. (2011) and Querejeta et al. (2015b)
simulations are also within 1Re. In the right panel, grey triangles represent the S0-like merger remnants produced by the simulations
of Querejeta et al. (2015b), while the cyan stars represent the spiral progenitors. These are all edge-on values. When compared with
the Bois et al. (2011) simulations, the S0 galaxies from the SLUGGS sample are generally more consistent with spiral progenitors than
simulated merger remnants. The Querejeta et al. (2015b) remnants show better agreement with the SLUGGS galaxies, however some of
the SLUGGS S0 galaxies are still more consistent with spirals than merger remnants.
present within the remnant galaxy. We plot the results from
BJC05 with those from the SLUGGS galaxies in Figure 14.
We compare our galaxies to these simulated remnants, in
an attempt to determine the implied merger mass ratios
that produced our observed galaxies. The Vrot/σ parameter
measured in BJC05 is done in a theoretical manner, and we
briefly describe the process to make an equivalent measure-
ment from our observational data.
In the simulated merger remnant, the Vrot and σ values
are averaged from an edge-on projection between 0.55R25
and R25. Based on the measurements of R25 of lenticular
galaxies in three galaxy clusters by Marinova et al. (2012),
we select the radial range 1 − 2Re to make the equivalent
measurement for our galaxies, using the kinemetry profiles
as shown in Figure 6. This essentially measures a plateau
value of V/σ. The observed ellipticities have been taken as
the average of values from Krajnovic´ et al. (2011), which
represent global ellipticities (measured at 2.5 − 3Re), and
those from Emsellem et al. (2011) (measured at 1Re) to
best replicate the simulated values which have been mea-
sured as the mean values between 0.55R25 and R25, roughly
corresponding to the observed radial range 1 − 2Re. Ad-
ditionally, the inclincation at which the measurements were
made differ between the observed and simulated galaxies.
Theoretical measurements are made from the edge-on in-
clincation, whereas the inclincation varies for the observed
galaxies. The effect of a non edge-on measurement is that
the galaxy appears rounder, therefore resulting in a lower
ellipticity. At the same time, the measured Vrot will also de-
crease. Observational measurements for non edge-on galax-
ies will therefore be pushed towards the left and downward
in Figure 14. This may explain the horizontal offset between
some of the observed galaxies and the BJC05 simulations in
Figure 14. We plot the trajectory on this plot for typical
edge-on galaxies in the solid line. To highlight how incli-
nation may affect the position of our galaxies, we plot the
equivalent trajectory for an inclination of 60◦ and 40◦ as
dashed and dotted lines respectively. Note how these better
follow the range of observed galaxies in Figure 14.
What is clear from Figure 14 is the relation between
the merger mass ratio, and the type of remnant galaxy pro-
duced. This results in a separation of disc and elliptical
galaxies within this parameter space, with only a relatively
small overlap (indicated by the orange and blue shaded re-
gions, respectively). Simulated galaxies with the highest ro-
tation typically coincide with remnants from smaller merg-
ers between 7:1 and 10:1, and simulated galaxies with the
least rotation are remnants of merger mass ratios of 1:1 to
2:1. BJC05 argued that intermediate mass mergers (which
they classified as mergers with mass ratios from 4:1 to
10:1) were good candidates for producing S0 galaxies, while
smaller mass ratios (major mergers) produce E galaxies, and
larger mass ratios (minor mergers) simply produce disturbed
spiral galaxies.
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Figure 14. Rotation parameter Vrot/σ against ellipticity for
each of the SLUGGS galaxies, used to assess potential merger
mass ratios. The SLUGGS lenticular galaxies are represented by
orange circles, while elliptical galaxies are represented by blue
squares. The simulated remnants of Bournaud, Jog & Combes
(2005, BJC05) are plotted in grey, with the size/colour combina-
tion indicating the mass ratio of the merger, and squares represent
elliptical remnants (within the blue shaded region, to assist the
eye) while triangles represent disc remnants (within the orange
shaded region). The simulation measurements are edge-on, how-
ever the observations are not. To illustrate the effect of this, the
solid magenta line displays the typical edge-on positions for sim-
ulated galaxies, and the dashed/dotted magenta lines show how
this distribution would change if the galaxies were viewed from an
inclination of 60◦/40◦. The control sample, in which progenitor
galaxies did not undergo a merger, is represented by cyan stars.
S0 galaxies are generally consistent with the progenitors of the
BJC05 simulations, and depending on the effects of projection,
some may have experienced mergers with lower mass ratios of
10:1 to 7:1.
Some of the SLUGGS S0 galaxies, including NGC 2549
and NGC 7457 lie significantly above the simulated merger
remnants, suggesting that these galaxies are not consistent
with being formed in a merger, even a minor one. BJC05
conducted three control runs, in which the progenitor galaxy
was allowed to evolve in a secular manner, without any merg-
ers. The properties of these progenitor galaxies are shown in
Figure 14 by cyan stars. We note that the galaxies NGC 2549
and NGC 7457 have Vrot/σ values more consistent with these
disc progenitors, than with the galaxies produced through
mergers.
Bois et al. (2011), found that mergers with mass ra-
tios of 6:1 produced only fast rotating galaxies with λR ∼
0.3 − 0.5, while mergers with mass ratios of 3:1 produced
mainly fast rotating galaxies and not S0-like galaxies with
higher λR, but also had a chance of producing slowly rotat-
ing galaxies (λR ∼ 0.1 − 0.5). In these simulations, slowly
rotating galaxies with λR ∼ 0− 0.1 were produced from 2:1
and 1:1 mergers.
The Bois et al. (2011) and BJC05 simulations suggests
that major mergers or remergers are likely to result in ellip-
tical galaxies (although it has been shown that there are also
other mechanisms which can produce elliptical galaxies, e.g.
Ceverino et al. 2015). S0 galaxies, on the other hand, may
be produced by minor mergers, but a significant portion of
the S0 galaxies in the SLUGGS survey, including NGC 2549
and NGC 7457, are more consistent with spiral galaxies.
4.2 Two-phase formation
One of the popular theories describing the formation of
ETGs (particularly massive ETGs) is that of two-phase evo-
lution (Oser et al. 2010; Johansson, Naab & Ostriker 2012).
Utilising zoom-in cosmological simulations of the two-phase
formation simulations of Oser et al. (2010), Naab et al.
(2014) (hereafter N14) introduced a set of 6 classes of ETGs,
with differing formation histories which imprint identifiable
features on their kinematics. The radial extent to which the
simulated galaxies are analysed is 2R1/2, which is equivalent
to the ∼ 2Re radial extent of our kinematic data.
Galaxies are classified using three separate properties:
the shape of the λR profile
9; the anticorrelations between h3,
h4 and V/σ; and the rotational structures present within the
2D kinematics maps. The six N14 classes are summarised
briefly as follows:
Class A: Regular fast rotators with peaked λR profiles and
clear anticorrelation of V/σ and h3, indicative of galaxies
that have experiences gas-rich minor mergers.
Class B: Fast rotators with λR profiles that are constantly
rising, with an anticorrelation of V/σ and h3. These galaxies
are formed by late gas-rich major mergers.
Class C: Slow rotator galaxies with non-rising λR profiles,
and no anticorrelation in V/σ and h3, formed by late gas-
rich major mergers leading to a spin-down of the remnant.
Class D: Fast rotator galaxies with gradually rising λR pro-
files and no V/σ and h3 anticorrelation, produced by late
gas-poor major mergers. These galaxies have experienced a
major merger leading to a spin-up.
Class E: Elongated slowly rotating galaxies with slowly ris-
ing λR profiles and no V/σ and h3 anticorrelation, produced
by late gas-poor major mergers
Class F: Slow rotator galaxies with featureless velocity
fields, λR profiles that are flat and no anticorrelation in V/σ
and h3. These galaxies have been formed by only gas-poor
minor mergers.
The kinematic analyses described in the earlier sections
of our paper provide the same parameters to classify the four
studied galaxies into their relevant N14 classes, a technique
which has previously been used by Spiniello et al. (2015)
and Forbes et al. (2016). We highlight the caveat that the
N14 measurements were made from the edge-on projection,
whereas we make the measurements from observed projec-
tions. We ensure that we classify our galaxies based on their
λR profiles (as done in N14), rather than use our λ(R) pro-
9 N14 used the flux-weighted λR of Emsellem et al. (2007) to
produce λR profiles in their work.
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Table 5. Classifying the four galaxies into their appropriate N14
assembly classes.
Galaxy λR h3, h4 2D maps Class
NGC 2549 A A A, B A (B)
NGC 4459 A A A, B A (B)
NGC 4474 A B, D A, B A (B)
NGC 7457 A B, D A, B A (B)
files, as this may produce inconsistent results. Based on Fig-
ure 5 in N14, these profiles are typical of class A galaxies.
The varying degrees of anticorrelation present within
the V/σ versus h3 plots in Figure 7 hint that not all galaxies
belong to the same assembly class. With fairly steep anti-
correlations, NGC 2549 and NGC 4474 both look like class
A galaxies, but the shallower anticorrelations for NGC 4459
and NGC 7457 are properties of class B galaxies. This shal-
low anticorrelation is also a property of class D galaxies. The
Pearson correlation coefficient for NGC 2549 and NGC 4474
indicates that there is a strong anticorrelation, with a value
of −0.82. However, a coefficient of −0.35 indicates that there
is only a weak anticorrelation for NGC 4459 and NGC 7457.
The distribution of points in the V/σ versus h4 parameter
space for each of the different N14 assembly classes is more
subtle than that for the V/σ versus h3 parameter space.
The variation of V/σ is larger in class A and B galaxies as
a result of their larger rotation, and in class A galaxies a
slight hint of so-called ‘leading wings’ can be seen, in which
the h4 value is larger for points with greater absolute mag-
nitudes of V/σ. The range of V/σ sampled for each of the
four galaxies is indicative of class A or B galaxies, but the
V/σ versus h4 parameter space is too sparsely sampled to
effectively distinguish the subtle differences between the two
classes.
All four galaxies display very clear rotation from their
2D kinematic maps (Figures 2 to 5), a key feature for class
A, B, and D galaxies. All rotate along the major axis, with
a rotational velocity of ∼ 100 km s−1 for NGC 4459, NGC
4474 and NGC 7457, and a higher rotational velocity of ∼
180 km s−1 for NGC 2549. The central disc-like feature seen
in the velocity field of NGC 2549 is a typical feature of class
A galaxies. The dip in the rotational velocity at larger radii
seen in NGC 4459 (Figure 3) motivates its assignment to
class A. NGC 4474 and NGC 7457 both have very disc-like
velocity fields, features indicative of class A and B galaxies.
No easily distinguishable features are seen in the velocity
dispersion maps that motivate classification into particular
classes.
We summarise the classification of our four galaxies in
Table 5, where the final classification of all four galaxies is
class A (but potentially class B). NGC 7457 was classified
by Forbes et al. (2016) as a class A (potentially B), which
agrees with our classification. Their common assembly class
suggests that all four galaxies may have experienced early
major mergers, but since z ∼ 1 these galaxies have only
experienced accretion through minor merging, implying a
high fraction of in-situ star formation.
As a caveat, we note that the 44 simulated galaxies
of N14 are all centrals, and therefore it is expected that
these galaxies have experienced a large number of accretion
events, as a result of their position within the gravitational
potential of the group or cluster. Furthermore, the mean
log stellar mass of these galaxies is ∼ 11, and hence the S0
galaxies studied in this paper are less massive. Since high-
mass galaxies accrete more mass than low-mass galaxies do,
the accretion histories of the simulated and observed galax-
ies may not be comparable. We make the additional com-
ment that the N14 simulations were unable to produce spiral
galaxies, demonstrating that these simulations were biased
towards producing massive ETGs.
4.3 Summary
In Figure 13, we saw that the positions of our four S0 galax-
ies are more consistent with spiral galaxies from the CAL-
IFA survey than with binary merger remnants from Bois et
al. (2011). This suggests that these galaxies could simply be
faded spirals, which have retained the rotational structure of
a spiral galaxy. We mention here the caveat that the adopted
progenitors are akin to disc galaxies at high redshift, and will
be different to those observed at low redshift by the CAL-
IFA survey. When comparing our observations with the ma-
jor merger simulations of Querejeta et al. (2015b), we find
that again a portion of our observed galaxies have more in
common with spiral galaxies than merger remnants (includ-
ing NGC 2549 and NGC 7457), however these simulations
also indicate that two of our galaxies (NGC 4459 and NGC
4474) are consistent with the simulated major merger rem-
nants. When accounting for the effects of projection, the
BJC05 simulations suggest that NGC 4474 and NGC 4459
are rather produced through minor/intermediate mass ra-
tios respectively, in contrast to the major mergers suggested
by Querejeta et al. (2015b). The two SLUGGS S0 galaxies
NGC 2549 and NGC 7457 are also more consistent with the
disc progenitors of BJC05 than the merger remnants (see
Figure 14). In the cosmological simulations of N14, a faded
disc would likely be classified as a class A galaxy, with ro-
tational signatures in the kinematic maps, high λR values,
and λR profiles that are strongly increasing from the cen-
tral regions, with continued rotation in the outskirts of the
galaxy. These assembly classes would as a result not dis-
tinguish between a faded spiral, and an S0 with a merger
history.
5 DISCUSSION
Through use of a local stellar spin parameter λ(R) to exam-
ine profiles of stellar spin with radius, we identify a param-
eter space (Figure 12) of stellar spin gradient vs the stellar
spin at 1Re in which there is strong separation between S0
and E galaxies. These results show that the morphological
classification of E vs S0 is supported by our extended kine-
matic data, and is physically motivated. While the result is
clear, we highlight the caveat that this result is highly de-
pendent on the sample, which is relatively small. A larger
sample would be required to determine whether or not this
result holds for all ETGs.
We also note that the galaxies within the SLUGGS sam-
ple are biased towards being near edge-on, as shown in Fig-
ure 15, and therefore the chance that the sample contains
photometrically misclassified galaxies as a result of incli-
nation is low. The observed separation may not be as dis-
tinct in samples which contain large numbers of near-face-
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Figure 15. Cumulative stellar spin parameter λR of each galaxy
measured at 1Re versus ellipticity measured at 1Re (Emsellem et
al. 2011), as in Figure 13. Galaxies are coloured by their inclina-
tion, as determined using JAM models by Cappellari et al. (2013).
For those galaxies which were not a part of the ATLAS3D survey,
we use global ellipticity values as given in Brodie et al. (2014)
as rough approximations. Here, 90◦ is edge-on. S0 galaxies that
are more face-on have been labelled. The black line indicates the
edge-on view for ellipsoids as given by the approximation from
Cappellari (2007), converted from Vrot/σ to λR by the empiri-
cal relation given by equation B1 in Emsellem et al. (2011). The
coloured lines indicate the trajectory for galaxies of instrinsic el-
lipticities 0.25, 0.5, 0.65, 0.75 and 0.85 as they are projected from
edge-on to face-on, as given by Emsellem et al. (2011).
on galaxies, as suggested by the few face-on S0 galaxies in
our sample. These face-on S0 galaxies have been labelled in
Figure 15, which identifies that these S0 galaxies are sep-
arated in λRe − e space from the rest of the S0 sample.
Figure 15 shows clearly that among the observed S0 galax-
ies, those that reside towards the bottom left region of the
plot are significantly less inclined than the rest of the sam-
ple. This trend with inclination is also highlighted by the
coloured lines, showing the theoretical trajectory that indi-
vidual galaxies of specific intrinsic ellipticities would follow
when projected from edge-on to face-on.
The comparisons between the kinematic data of the
four galaxies studied in this paper with three separate sim-
ulations of early-type galaxy formation produce somewhat
different but complementary conclusions, as summarised in
Section 4.3.
The differences in conclusions between the simulations
summarised in Section 4.3 are the result of different pro-
genitor properties, highlighting the impact of the assump-
tions of binary merger simulations on the conclusions made
regarding merger histories of S0 galaxies. A wide range of
progenitors, initial conditions and merger scenarios were ex-
plored in the merger simulations of Moody et al. (2014),
and although remnants were produced with high values of
λR ∼ 0.7, these conditions were very specific, and may be
unable to explain the large fraction of S0s observed. As dis-
cussed in Section 4.1, the comparison of our data to sim-
ulations of binary mergers suggests some S0 galaxies are
‘faded’ spirals. An example of this process was outlined by
Cortesi et al. (2016), who concluded that the galaxy NGC
102310 is likely a faded spiral that displays evidence in its
outskirts of a recent minor merger. The simulations anal-
ysed by N14 were generally unable to produce disc galaxies,
which means that a faded spiral would likely also not have
been produced by the simulations. The N14 classes are there-
fore not equipped to describe the histories of such galaxies,
and produce conclusions which conflict with those of binary
merger simulations.
Many galaxy kinematic studies have been summarised
in figure 11 of Wisnioski et al. (2015), where it is shown
that the Vrot/σ of disc galaxies is lower at higher redshifts.
Therefore, in the scenario of an S0 galaxy being a faded disc,
one would expect the Vrot/σ of the S0 galaxy to be indicative
of the epoch at which the star-forming disc galaxy faded to
become an S0. Thus S0s with relatively high Vrot/σ have
undergone a morphological transformation more recently.
6 SUMMARY AND CONCLUSIONS
In this paper we presented the stellar kinematics of four
low-mass S0 galaxies from the SLUGGS survey: NGC 2549,
NGC 4459, NGC 4474 and NGC 7457. In addition to the 2D
maps of velocity and velocity dispersion, the radial profiles
of kinematic properties and analysis of the higher moments
of the LOSVD, we also analysed the stellar spin of these
galaxies. In particular, in order to utilise the large radial
extent of our kinematic data, we presented a local form of the
stellar spin parameter λR which best probes the variation in
stellar spin with radius.
We found that for the galaxies of the SLUGGS sur-
vey, there is a distinct difference in the shapes of λ(R)
profiles for lenticular galaxies compared to those of ellipti-
cal galaxies, suggesting that the morphological classification
of these galaxies is physically meaningful when analysing
galaxy kinematics.
Using the kinematic data derived for the four galaxies
studied within this paper, we investigated possible formation
pathways using the results from simulations. We compared
the measured kinematic properties to those of simulated bi-
nary merger remnants from Bois et al. (2011), Querejeta et
al. (2015b) and Bournaud, Jog & Combes (2005), who each
studied the effect of the progenitor type, and merger mass
ratio on the remnant galaxy. We additionally used a num-
ber of kinematic properties of our galaxies (including the
degree of anticorrelation between V/σ with h3, the features
of the 2D kinematic maps and the shapes of the λR pro-
files) to assign each galaxy an assembly class, as determined
by Naab et al. (2014). These classes describe typical forma-
tion histories for the given kinematic features, but are most
appropriate for high-mass central galaxies.
10 We note that NGC 1023 is the S0 galaxy in Figure 14 with
the highest value of Vrot/σ.
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The comparisons of our data to these simulations pro-
vided us with three independent assessments of aspects of
each galaxy’s formation history. We find that the conclusions
made for individual galaxies display variation. The cosmo-
logical simulations suggest that all four galaxies have un-
dergone merger-rich histories with high in-situ star forma-
tion, whereas binary merger simulations suggest that while
some of the galaxies may have been formed through mergers,
others display more rotation than typical simulated merger
remnants, suggesting that they do not have merger histo-
ries. The binary simulations instead suggest that these low-
mass S0s could be ‘faded spirals’. These differing conclu-
sions reflect the differing natures of the simulations that pro-
duced them. The binary merger simulations of Bournaud,
Jog & Combes (2005), Bois et al. (2011) and Querejeta et
al. (2015b), while instructive, are too simplistic to provide
a full description of the history of a galaxy. The assembly
classes of Naab et al. (2014) only focus on high-mass central
galaxies. These classes are therefore less well suited for de-
scribing low-mass S0s. Additionally, these simulations were
unable to produce disc galaxies, meaning that these simu-
lations do not comment on the potential existence of such
faded spirals, or what their properties may be.
We therefore conclude that while a comparison of our
data to simulations is consistent with elliptical galaxies gen-
erally being formed by major mergers (or successive minor
mergers), a comparison of our data to binary merger simu-
lations suggests that S0 galaxies are rather formed by either
major or minor mergers, or in many cases no mergers at
all. In these latter cases, S0 galaxies are likely the result of
a ‘faded’ spiral. Future work is required to further investi-
gate how the properties of these galaxies can be linked to
the epoch over which these spiral galaxies transformed to
become lenticular.
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